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Abstract 
Precombustion CO2 capture can be feasible with mature palladium-based membranes in modules. Before moving on 
to demonstration, benchmarking of membranes is a crucial step in their introduction. The strategy presented here, 
consisting of matching results from experiments and model development, will be a valuable tool in benchmarking 
membrane performance. Using experiments with pure hydrogen feed and no sweep, the permeation of hydrogen 
through the metallic palladium layer was accurately fitted with a standard permeation equation (1) with Q and n as 
regressed parameters. The pressure drop in the membrane support was included but was found to be small (14 kPa). 
Hydrogen-nitrogen separation experiments without sweep gas could be predicted by a 2D laminar flow convection 
and diffusion model. Thus, convective and diffusive transport of hydrogen and inert in the modules was successfully 
accounted for by the module model. Experiments with nitrogen sweep gas have shown significant resistances in the 
membrane support. These were predicted by the dusty gas model to be both a small pressure drop and a rather large 
mole fraction gradient in the support layer, the latter being far more important than the former. The derived model 
allows to quantify, as a function of operating conditions, the intrinsic and external mass transfer resistances. In order 
to make the final step toward full use of the model in benchmarking of membranes the model is currently be extended 
to incorporate the effect of inhibition of syngas components. The final model will be used to run selected cases and 
the results will be validated with hydrogen permeation results from experiments in syngas. The model will also be 
used for predicting membrane performance at commercial scale. 
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1. Introduction 
Palladium alloy membranes are a promising option for hydrogen separation in industrial hydrogen 
production and in pre-combustion CO2 capture [1,2]. Given the state of the art, benchmarking of 
membranes from different vendors is a crucial step in the introduction of hydrogen membranes to 
demonstrate the maturity and performance under industrially relevant conditions. A multitude of 
membrane manufacturers and developers exists, yet at the moment, performance figures have been 
published at different conditions, and including the impact of externals, e.g. different membrane module 
designs. Resistances to mass transfer will become increasingly important with the increasing flux and 
modeling provides the fundamental understanding of the prevailing mass transfer processes to design and 
operate membrane units [3,4]. The present contribution provides an overview of the benchmark approach 
to assess the performance of H2-selective membranes under industrially relevant conditions, independent 
from the impact of module design. 
Membranes were tested at a scale of a few hundred square centimeters in the process 
development unit (PDU) setup at ECN [5] capable of accommodating up to 8 membranes of 50 cm length 
in parallel, see Figure 1. Process conditions were varied systematically. Starting with pure H2 feed and 
without sweep, N2 was sequentially introduced as inert on the feed side and as sweep gas, respectively. 
Finally, H2 separation from syngas mixtures was measured, containing gas phase constituents as present 
in pre-combustion syngas streams. 
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Fig. 1 Multitube membrane test setup 
 
For pure H2, the observed flux is converted into a permeance for the Pd layer, using a 
phenomenological description. In presence of other species, the observed flux may be lowered by mass 
transfer resistances or surface inhibition. Gas phase mass transfer in the module is dependent on module 
design, scale and other operation conditions. To obtain performance data of the membrane itself, this 
should be taken out of consideration. On the other hand, mass transfer resistance in the support and 
inhibition are an inherent property of the membrane and should therefore be included in the membrane 
performance assessment. The staged experimental approach, schematically depicted in Figure 2, allows 
for investigating systematically the effects of intrinsic permeation, hydrodynamics, and concentration 
polarization. It thus supports model development and leads to improved understanding of the important 
phenomena that direct the permeation of H2. This approach will allow benchmarking of membranes by 
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translating the complex flux equations to the membrane area required to reach target recoveries for 
selected useful cases. 
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Fig. 2 Research strategy, systematically the effects of intrinsic permeation, hydrodynamics, and 
concentration polarization 
 
2. Experimental 
 
2.1 Membranes and modules  
 
Membranes were obtained from membrane developers. They mostly consist of a thin (several micron) 
layer of palladium(-alloy) on a ceramic or porous stainless steel support tube. In the present contribution 
the results presented are limited to results obtained with ECN (Hysep) membranes [6], serving as example 
of typical test results. They consist of a thin (3 9 micron) layer of palladium on a ceramic support tube 
[7].The support tubes are ceramic tubes of 14 mm outer diameter and 2 mm thickness and contain three 
layers of different structure. The properties of the support tube layers have been summarized in [6]. Three 
membranes have been used in a parallel configuration. After sealing [8], the effective length of each of 
the membranes is approximately 45 cm, giving a total surface area for three membranes of 595 cm2. Each 
of the membrane tubes was mounted in a cylindrically shaped module (see Figure 3). An insert tube is 
used for the sweep gas, creating a double annulus geometry enclosing the membrane. The use of multiple 
membranes serves to achieve suitable total membrane surface areas for the workable flow ranges of the 
test rig. In these conditions, the Reynolds number varies up to a maximum of 1100, assuring laminar flow 
conditions in all experiments.  
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Fig. 3. Cross-section of the PDU membrane module 
 
2.2 Test procedure 
 
detail elsewhere [9, 10]. The modules were placed in an electrically heated oven at 400 °C, with a 
maximum temperature gradient over the module length of 25°C. H2 and N2 were fed by Bronkhorst (the 
Netherlands) mass flow controllers. Gas distribution over the three modules was controlled by orifices 
and uniform. The pressures on the retentate and permeate side were controlled by a back pressure control 
(Bronkhorst) and measured at the module outlets with a pressure transducer (Swagelok, USA). Data with 
a deviation between pressure control and measurement of more than 10% of the pressure difference over 
the membrane were discarded. 
The gas flow rate in the retentate and permeate has been measured by mass flow meters (Bronkhorst). 
The gas composition of the total retentate and permeate flows as well as that of the stream exiting the 
individual membrane tubes was determined with a gas chromatograph (HP, P200H) equipped with a 
molsieve column, a Poraplot column and a TCD detector. In addition, an Advance Optima online analysis 
(ABB Magnos106) was used to monitor the concentration of H2 with a Caldos 4T-EX detector. Process 
values have been recorded when for five minutes the pressures were stable (±5 kPa) and the measured 
flows were stable (±0.03 Nl min-1), and the measurements have been repeated three times. H2 and N2 
mass balance assessments with representative gas mixtures during test runs have shown to be  mostly 
within 5%. Incidental measurements with a mass balance error more than  ± 7% have been discarded. 
After a leak test at room temperature the membranes have been purged with N2 on the feed and permeate 
side to remove air from the system. Subsequently, the reactor was heated to 400°C with a ramp of 
1°C min-1 while applying a N2 flow at the feed and sweep side, followed by a pure N2 leak test. With a 
retentate pressure of 0.6 MPa and a permeate pressure of 0.11 MPa, a leak rate of 0.02 Nl min-1 was 
found. After the separation tests, the N2 leak test was repeated at 0.6 MPa and 0.15 MPa, yielding a leak 
rate of 0.20 Nl min-1. Although there is a small increase in the leak rate, a high selectivity is maintained 
throughout the experiments and a correction of the experimental results for leak flow was therefore not 
necessary. After the first leak test at 400°C, the feed and permeate side were purged with 20 Nl min-1 of 
H2 for 30 minutes in order to remove the remaining N2, followed by a stabilization period of 23 hours in 
0.21/0.11 MPa of H2 (20 Nl min-1 of H2 on the feed side, no sweep) and measurement of the pure H2 
permeance of the membranes every two hours. After stabilization, pure H2 permeance tests were done at 
400°C. Then gas mixtures of 55% H2 in N2 were tested, varying retentate and permeate pressures, feed 
flow and sweep flow rates. To make sure no trends would be induced by the measurement history, the 
order of the experiments was randomized. Subsequently, syngas gas mixtures were tested, varying 
retentate and permeate pressures, feed flow and sweep flow rates. 
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2.3 Modelling 
 
A model has been developed for the interpretation of the role of the different mass transfer resistances in 
the experiments. Inside the membrane itself, the palladium layer and the support layers are mass transfer 
resistances in series. Laminar convection and diffusion, i.e. concentration polarization, in the module are 
accounted for by solving the mass and momentum balances, assuming 2D axial symmetry. 
 
2.3.1  Palladium layer 
 
The mechanisms by which H2 crosses the metallic palladium separation layer are complex and 
their modelling is inherently challenging. A number of sequential steps may be discerned according to 
Ward and Dao [11]:  
 dissociative adsorption of H2 on the Pd surface at the retentate side, 
 transition of H atoms from the surface into the Pd bulk, 
 diffusion through the Pd bulk, 
 transition of H atoms from the bulk to the Pd surface at the permeate side, 
and 
 recombinative desorption from the metal surface. 
 
The individual steps have very different kinetics, and the overall kinetics depend on their relative 
importance. Ward and Dao [11] have made a detailed model for each of the steps and concluded that the 
diffusion of H atoms through the Pd bulk is rate-limiting, at least for a clean Pd layer with a thickness 
down to 1 micron and temperatures above 300 °C. In such a case, overall kinetics will obey Si
law(1), 
 
nn ppTQN p,Hr,Hm 22        (1) 
 
with n = 0.5 [12]. Here, Nm is the transmembrane flux, defined at the radial coordinate of the palladium 
layer, Q(T) is the temperature-dependent permeance, PH2,r and PH2,p are the retentate-side and permeate-
side H2 partial pressures, respectively. Later authors have added that, at higher H2 partial pressures, 
corrections for the nonideality of the H-Pd system, surface effects, or thermal effects will lead to 
increased values of n [13,14,15,16]. For the purpose of the present study, it is sufficient to fit the 
parameters Q and n in the equation to experimental pure H2 permeation data.  
After H2 molecules desorb from the metallic palladium separation layer on the permeate side, 
they need to cross the porous ceramic support layer before they end up in the permeate stream. The 
driving forces for the transfer of H2 across the support are gradients in mole fraction and pressure. These 
driving forces are balanced by the friction forces exerted by gas molecules and the porous medium, which 
can be described by the dusty gas model (DGM)(2), taking into account viscous flow, Knudsen diffusion, 
and molecular diffusion [17, 18]. 
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Both the feed/retentate side and the countercurrent sweep/permeate side of the module have an annular 
shape. For description of fluid flow and mass transfer, 2D steady state isothermal differential mass and 
momentum balances are solved for both channels in cylindrical geometry. 
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3. Results and discussion  
Pure H2 experiments without sweep were done for determining the parameters in equation (1). Retentate 
and permeate pressures were varied in the range of 0.24 3.3 MPa, and 0.11 3.0 MPa, respectively. The 
pressure difference over the membrane was varied between 0.10 MPa and 0.38 MPa. H2 fluxes were 
measured in the range of 0.22 0.85 mol m-2 s-1. Using nonlinear regression, the permeation equation (1), 
and the support pressure drop equation (2), values for Q and n were determined. The equation fits the data 
points well as shown in Figure 4. The maximum pressure drop over the support layer as predicted with 
the DGM was 13.5 kPa. For these conditions, the predicted H2 flux across the membrane in absence of a 
pressure drop over the support layer would be 3% higher than the current flux prediction. For ease of 
comparison with literature reports, the same procedure with n = 1was used to determine a linearized 
permeance of 2.5 10-6 mol m-2 s-1 Pa-1. 
 
 
Fig. 4. Measured and regressed H2 flux versus driving force; pure H2, no sweep 
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The value of n = 0.730±0.007 is in line with values reported in literature for similar membranes and 
conditions [19,20]. The permeation equation (1) fits the data well. The model predicted pressure drop 
over the support layer in the pure H2 experiments is relatively small, at a maximum of 13.5 kPa. The 
difference in flux caused by the pressure drop in the support amounts to only 3% and the pressure drop 
over the support layer could be ignored in assessing the pure H2 measurements. Gas mixtures of 55% H2 
in N2 were fed to the membranes at 3.0 MPa retentate pressure. The permeate side was controlled at 0.39
2.0 MPa, both without sweep gas and with 3 60 Nl min-1 of N2 sweep. During all experiments, the feed 
flow was adjusted in the range of 20 80 Nl min-1 in order to have a H2 recovery of 20 90%. The model 
was run in four modes. First, the model was run with gas phase convection and diffusion, but without 
accounting for mass transfer resistance in the support, which implies dp/dr = 0 and dyH2/dr = 0 in 
equation (2) and leaving out the DGM altogether. The flux is then based directly upon the partial pressure 
difference between retentate and permeate sides. In the second and third mode, respectively, the 
resistances by pressure drop and diffusion were included. Finally, in the last mode, the full DGM was 
included for the membrane support, accounting for both the diffusional resistance and the pressure drop. 
Parity plots of the results for the first mode and the fourth mode versus measured fluxes are shown in 
Figure 5.  
 
 
 
 
 
Fig. 5: Parity plot of predicted versus measured flux with H2-N2 feed, N2 
sweep; open symbols no sweep, closed symbols with N2 sweep 
 
A combination of the permeation model with the 2D module model in the first mode already gives good 
results for the cases without sweep gas. Clearly, both concentration polarization in the module and 
permeation through the membrane are accurately predicted. In contrast, the model predictions in the first 
mode do not represent the measurements with N2 sweep. Including pressure drop over the membrane 
support in the second mode slightly improves the match (not shown), but a much greater improvement is 
made in the third mode (not shown), when the diffusional resistance by N2 in the membrane support is 
included. Finally, the permeation model combined with the 2D module model and the support resistance 
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model based on the DGM (fourth mode) gives a prediction of the experimentally measured flux for all 
cases with an average error of 16.6%. Based on a comparison of the predicted fluxes with measured 
fluxes for the entire dataset, it can be concluded that the largest contribution of the support resistance for 
these experimental conditions results from the diffusional resistance due to penetration of sweep gas into 
the support. The effect of the resistance by the support matrix is negligible. The overall resistance to H2 
transfer from retentate to permeate is formed mainly by concentration polarization on the feed side, 
permeation across the palladium layer, and the diffusion barrier created by penetration of sweep gas in the 
membrane support. The feasible amount of sweep gas in any practical application must be determined 
based on the overall process, and by accounting for concentration polarization, permeation through the 
palladium, and membrane support resistance.  
Hydrogen recovery values with the membranes have also been obtained with experiments 
carried out on the PDU with syngas mixtures and are shown in Figures 6 and 7. The feed gas composition 
used in the experiments was comparable to a composition for pre-combustion decarbonization in a power 
scheme for which natural gas is converted by autothermal reforming and subsequently pre-shifted 
downstream the membrane separator unit. Variation of feed flow (load to surface) (Figure 6) and 
permeate pressure (driving force of permeation) (Figure 7) were used to obtain insight in the conditional 
requirements to obtain H2 recovery > 95 %. High hydrogen recovery is important to obtain a retentate 
stream enriched in CO2. As can be noticed from Figure 6, the hydrogen recovery was 85 % at the highest 
achievable load to surface area in the PDU with the 595 cm2 membrane area, using Ppermeate 19 bara 
pressure. 
 
Fig.6: Hydrogen recovery versus feed flow rate. Syngas feed 4% CO; 19% CO2; 18% H2O; 55% H2; 
3%N2 400 °C; L/S 38 Nml/min.cm2; sweep 20 Nl/min N2  
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Fig.7: Hydrogen recovery versus permeate pressure. Syngas feed 4% CO; 19% CO2; 18% H2O; 55% 
H2;3%N2 400 °C; L/S 38 Nml/min.cm2; sweep 20 Nl/min N2  
 
In o
the technology and provide useful data for anticipated industrial pilot scale demonstration of the 
technology the experimental results obtained with membranes from various membrane developers need to 
be further interpreted by modeling. Each of these membranes have intrinsic permeance of H2 through the 
Pd layer as well as mass transfer resistance through the support. Moreover, the various membranes of 
different membrane providers have different length, diameter and area and the modules used have 
different geometry. Therefore,  each module performance is depending on mass transfer phenomena in 
-to-surface ratio. The full 2D model will translate 
complex flux equations into required membrane area to reach target recovery for well-defined cases. The 
model for mass transfer in supported palladium-based membrane separators developed and validated in 
the present work already characterizes membranes and modules in great detail. In order to make the final 
step toward full use in benchmarking of membranes the model need to account for the effect of inhibition 
of syngas components, mainly CO. One or more syngas components may adsorb on the surface, thereby 
reducing the number of surface sites available for H2 adsorption. It is generally reversible, and steady 
state is achieved within minutes. We are in the process of finalizing our model and running experiments 
with membrane (-modules) form various developers and the results of the benchmark will be available in 
the near future. 
 
4. Conclusions  
Using experiments with pure hydrogen feed and no sweep, the permeation of hydrogen through the 
metallic palladium layer was accurately fitted with a standard permeation equation (1) with Q and n as 
regressed parameters. The pressure drop in the membrane support was included but was found to be very 
small. Hydrogen-nitrogen separation experiments without sweep gas could be predicted by a 2D laminar 
flow convection and diffusion model. Thus, convective and diffusive transport of hydrogen and inert in 
the modules was successfully accounted for by the module model. Experiments with nitrogen sweep gas 
have shown significant resistances in the membrane support. These were predicted by the dusty gas 
model to be both a small pressure drop and a rather large mole fraction gradient in the support layer, the 
latter being far more important than the former. The derived model allows to quantify, as a function of 
operating conditions, the intrinsic and external mass transfer resistances. In order to make the final step 
toward full use of the model in benchmarking of membranes the model is currently be extended to 
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incorporate the effect of inhibition of syngas components. The final model will be used to run selected 
cases and the results will be validated with hydrogen permeation results from experiments in syngas. The 
model will also be used for predicting membrane performance at commercial scale. 
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